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REMOVAL OF SERUM LIPOPROTEINS FROM THE CORNEA IN VIVO**
It is known that plasma lipoproteins when present in increased amounts
in the blood of laboratory animals enter the arterial intima at sites of ex-
perimental vascular injury.' In the vessel wall they accumulate and are in-
volved in a xanthomatous transformation of the basic reparative tissue
response. The xanthomatous lesion elicited reproduces many of the mor-
phological features of the "fatty streak" of human atherosclerosis. Another
model site for the study of the interactions of blood lipoproteins and con-
nective tissue in relation to the pathogenesis of atherosclerosis is the plas-
ma- or serum-injected, living animal cornea.2 Injection of chylomicron-free,
lipoprotein-rich rabbit or human plasma or serum into the rabbit's cornea
is followed by a predominantly lipophagic corneal stromal reaction that
results in a grossly visible fatty corneal plaque. The experimental corneal
plaque again reproduces many of the morphologic sequences of early
atherosclerosis in man. Observations derived from these experimental
models lend support to the "filtration" theory' of the pathogenesis of
atherosclerosis, and indicate the desirability of further investigations con-
cerning the transport of molecularly dispersed blood lipids in intrinsically
avascular connective tissues such as the intima of elastic arteries or the
corneal stroma.
The present investigation, utilizing the corneal model, reports observa-
tions on the experimental removal of injected serum lipoproteins from the
corneal connective tissue site in vivo and on the time that these lipid-con-
taining macromolecules remain diffusable following their injection into the
cornea. These experiments have been the subject of an earlier brief
abstract.'
A preliminary observation determined the course of the experiments to
be described. It was noted that if, following the injection of lipoprotein-
rich serum into the rabbit's corneal stroma, transcorneal punctures into
the anterior chamber were made, no foam-cellular plaques developed in
large regions of the serum-injected central cornea in the vicinity of the
puncture sites. It was reasoned that the lipids in this portion of the cornea
were being removed, and that consequently no reactions other than the
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linear scars of the needle tracks had resulted. It was further hypothesized
that by puncturing corneas at varying intervals after the initial intracor-
neal injection of lipoprotein-rich serum, information concerning the trans-
port of these substances within the living tissue might be obtained.
MATERIAL AND METHODS
To investigate these phenomena both corneas of a series of adult New Zealand
white rabbits were injected with 0.1 ml. of sterile, chylomicron-free, hyperlipopro-
teinemic rabbit serum. The experimental animals were anesthetized with Nembutal,®
25 mg./kg., intravenously. Injection of hyperlipoproteinemic serum was made into the
center of the cornea with a short no. 30 gauge hypodermic needle attached to a small
graduated syringe. The serum injected was obtained from the blood of an albino rab-
bit made hyperlipoproteinemic by long-term egg yolk feeding. It was freed of chylo-
microns by centrifugation at 9,500 X g for one hour in a Spinco Model L preparative
ultracentrifuge. Although still opalescent, no visible particles were present in the
serum by light microscopy, and test aliquots incubated with post-heparin plasma re-
sulted in only slight clearance of turbidity. The serum utilized for injection had the
following composition: Total cholesterol, 805.0 mg./per 100 ml., free cholesterol 61.4
mg./per 100 ml., fatty acids 40.0 mEq./l., lipid phosphorus 20.0 mg./per 100 ml.,
total proteins 7.25 g./per 100 ml. These determinations were carried out by standard
methods in use in this laboratory.' Cellulose acetate electrophoresis of the serum
utilized, with strips stained for proteins and matching strips for lipids by an osmic
acid procedure under development in this laboratory, demonstrated the contained
lipids as a prominent band having the mobility of ,-globulins. This is in accord with
Gofman's early demonstration of increased amounts of low density pB-lipoproteins in
the serum of cholesterol-fed rabbits.6
The rabbits with injected corneas were separated into groups of three. At 15
minutes and at 12, 24, 48, 72, 96, and 120 hours after the initial intracorneal injection
of serum, multiple transcorneal punctures of the left or of both corneas of each rab-
bit were made under anesthesia, with a no. 30 gauge hypodermic needle. Punctures
were arranged radially around the original injection site, and traversed in all in-
stances the opaque plaque-like, serum-injected region of cornea. The right corneas of
at least two animals in each group were left unpunctured except for the initial intra-
corneal injection of serum, and served as controls. Gross leakage of anterior chamber
fluid accompanied the transcorneal punctures. The puncture sites quickly became
plugged with minute amounts of fibrin and the intraocular tension returned towards
normal within 30 minutes. Following multiple punctures of the corneas each group
of three rabbits was observed for a period of 19-27 days. At this time the animals
were sacrificed, both corneas were removed, photographed, and prepared for histo-
logical examination.
Following sacrifice of the animals, the corneas under study were fixed in neutral
formalin for fat stains or in mercuric chloride-alcohol as described by Friedenwald
for permanent sections.7 Frozen sections were stained for lipids with Sudan IV and
paraffin sections with hematoxylin-eosin, Masson's trichrome technique or periodic
acid-Schiff.
In add-ition to the major series of injected and punctured corneas just described,
ten rabbit corneas received lipoprotein-rich serum injections as usual. Fifteen minutes
later in six corneas and 120 hours later in four corneas a small needle was inserted
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into the anterior chamber of each eye through the anterior sclera and fluid was with-
drawn. Immediately thereafter an equal amount of one per cent methylene blue in
0.9 per cent sodium chloride solution was injected into the anterior chamber through
the same needle. Following the injection of dye, multiple punctures of all corneas
were carried out. The punctured corneas were then carefully observed. This experi-
ment was performed to demonstrate any gross diffusion, early or late, of anterior
chamber fluid into the previously injected corneal stroma. Also, for this reason,
multiple punctures were performed in four corneas 24 hours after the injection of
lipoprotein-rich serum, and in four corneas after 120 hours. In this group the animals
were sacrificed and the corneas removed and fixed one hour after transcorneal punc-
ture. Fat stains were then prepared to determine if transcorneal puncture had resulted
in immediate removal from the stroma of observable amounts of stainable lipids. Also
the location and microscopic characteristics of the lipids remaining in the stroma at
these time intervals were observed.
A final experiment in three rabbits was performed as follows: 120 hours (5 days)
after placement of lipoprotein-rich serum plaques in both corneas of these animals,
the now opaque, non-edematous left corneas were reinjected intrastromally with 0.1
ml. physiological saline solution. The right corneas were not reinjected and served
as controls. The left corneas were rendered grossly edematous as the result of the
saline injection. Fifteen minutes after the injection of saline into the left corneas,
multiple transcorneal punctures of all six corneas were carried out, and the corneas
were observed for 20 days. The purpose of the experiment was to determine if edema
of the corneal stroma is critical for the removal of serum lipoproteins 120 hours after
their injection in native serum.
RESULTS
Gross observations on the corneas of the major series of rabbits with
serum-injected and punctured corneas were made daily but were recorded
at 7, 14, and at 19-27 days, shortly before sacrifice. The findings are pre-
sented in the accompanying Table. It is evident that residual inflammation
was often still present both in the injected, punctured corneas, and in the
injected unpunctured controls at the seven-day interval. Already at this
time some central clearing could be observed in the punctured corneas of
the 15 minute, 12 hour, 24 hour, and 48 hour groups. In the groups in
which corneal puncture had been delayed until 72 hours, 96 hours, or 120
hours after the placement of the plaques, almost no clearing was present
at seven days. At 14 or 19-27 days clearing was prominent in the majority
of the punctured corneas in all groups from 15 minutes to 72 hours (Figs.
1 and 2). At the 96 hour interval only minimal clearing was observed.
When transcorneal puncture was delayed for 120 hours after the initial
serum injections both punctured and unpunctured corneas remained
opaque (Fig. 3).
Corneal clearing, when it occurred, took place first in ring-like fashion
around the sites of the needle tracks. The latter remained as minute, opaque
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scars in the center of these cleared zones. In many corneas the clearing
areas early became confluent and embraced large irregular zones of the
central portions of the corneas. In the groups with greatest delay of corneal
puncture, 96 and 120 hours, the injected plaques remained diffusely opaque
with minimal or no clearing, even around the puncture sites. Within the
observation period there was no evidence in any cornea of recrudescence
of inflammation to suggest the development of a local hypersensitivity
reaction.
Microscopic examination of the paired corneal plaques, punctured and
unpunctured, at 19-27 days, reflected what had been observed grossly. In
the Sudan IV stained unpunctured control corneas, lipid was observed to
be mostly in mononuclear lipophagic stromal cells, although some diffuse,
unphagocytized lipid was present as well. In the permanent sections these
foamy lipophages formed a uniform, plaque-like layer of increased cellu-
larity in the central portion of the cornea (Fig. 7).
Fat stains of the plaque areas in the injected and subsequently punctured
corneas revealed a consistently different picture. In the zones of clearing,
sudanophilic material either in lipophages or as diffuse extracellular lipid
was sharply reduced in amount or was absent altogether (Fig. 6). In the
centers of these large cleared areas linear scars were present representing
the healed needle track sites. In the paraffin sections these scars were seen
surrounded by zones almost free of foamy lipophages. It should be empha-
sized that except for the needle scars no fibrosis or change in pattern of
the stromal lamellae was present in the cleared zones. Around the edges
of the grossly clear zones, the usual lipid-filled macrophages persisted,
identical with those seen in the plaques of the unpunctured, control corneas.
In the serum-injected corneas of rabbits in which methylene blue dye
had been introduced into the anterior chamber, multiple transcorneal
punctures led immediately to diffusion of grossly visible dye into confluent
corneal zones in the center of the plaques (Fig. 4). The zones involved
were strikingly similar, both in position and extent, to the cleared zones
that subsequently developed in the punctured corneas of the principal series
of serum-injected rabbits. In the corneas punctured 120 hours following
injection of lipoprotein-rich serum, there was no gross diffusion of dye
into the non-edematous corneal stroma. Microscopic examination of four
edematous corneas 24 hours after lipoprotein-rich serum injection, and
one hour after multiple corneal puncture revealed in the fat stains definite
reduction of lipid in stromal zones adjacent to puncture sites. The lipid
remaining was in a diffuse, extracellular form. Similar examination of four
non-edematous corneas 120 hours after serum injection and one hour after
puncture, in contrast, revealed no significant loss of stromal lipid. At this
264
Volume 41, Deceiizber, 1968FIG. 1. Rabbit 805. Clearing of left cornea 21 days after injection of lipoprotein-
rich serum. Multiple transcorneal punctures of left cornea 48 hours after injection.
Scars of puncture sites remain as tiny white dots. Right cornea opaque.
FIG. 2. Rabbit 800. Central clearing of left cornea 23 days after injection of lipo-
protein-rich serum. Multiple transcornieal punctures of left cornea 72 hours after in-
jection. Right cornea opaque.
FIG. 3. Rabbit 793. Left and right corneas 27 days after injection of lipoprotein-
rich serum. Multiple transcorneal punctures of left cornea 120 hours after injection.
Both corneas opaque.FIG. 4. Rabbit 1014. Left and right corneas. Both corneas were injected with 0.1
ml. lipoprotein-rich serum. Methylene blue dye was injected into the anterior cham-
bers 15 minutes later. Multiple transcorneal punctures of both corneas were then
carried out. After 15 minutes both corneas were removed and photographed. There
is diffusion of dye (dark areas) into the central zones of each corneal plaque.
FIG. 5. Left corneas of rabbits 857, 858. Each cornea was injected with 0.1 ml.
lipoproteinemic rabbit serum. One hundred twenty hours later, both corneas were
injected in the same region with 0.1 ml. physiological saline. Fifteen minutes later
multiple transcorneal punctures were performed. After 20 days the animals were
sacrificed, the corneas were removed and photographed. There is marked central
clearing in each cornea.FIG. 6. Rabbit 803. Left cornea, 19 days after injection of lipoprotein-rich serum,
followed 12 hours later by multiple transcorneal punctures. The central portion of
the section is clear of dark-stained lipophages. Sudan IV without counterstain, X 100.
FIG. 7. Rabbit 803. Right cornea, 19 days after injection of lipoprotein-rich serum,
but with no subsequent transcorneal punctures. The stroma contains many dark lipo-
phages. Sudan IV without counterstain, X 440.SerumJ lipoproteins in cornea
interval most of the stromal lipid still presented as a diffuse, non-particulate
sudanophilia, with an occasional lipophage appearing.
Following multiple punctures of stromal plaques that had been rendered
edematous by the injection of 0.15 M saline 120 hours after the original
placement of a lipoprotein-rich serum plaque, definite central clearing was
observed at 20 days in all three corneas (Fig. 5). This clearing was in con-
trast to the persistent opacity of the control corneal plaques of the same
animals, punctured at 120 hours but without prior injection of saline into
the plaque area. Microscopic examination confirmed the removal of lipid
from the cleared zones of the saline reinjected and punctured corneas.
DISCUSSION
The foregoing observations indicate that serum lipoproteins, although
retained in the corneal stroma after injection in native serum, can still be
removed by relatively simple physical means for periods of at least 72
hours. Although they are unable to diffuse through the stroma during this
time, they are apparently not bound in the ground substance or to the col-
lagenous fibers. Evidence from the dye experiments indicates that follow-
ing multiple transcorneal puncture, anterior chamber fluid immediately
enters the serum-injected cornea. The soluble lipoglobulins become ad-
mixed with this lipid-poor medium, it is suggested. Thus they become
diluted and are largely washed out of the edematous corneal stroma in the
first few moments following puncture. Subsequent lipophagic tissue reac-
tions are prevented, and the cornea clears. This sequence of events is sup-
ported by the observation that stainable lipid is reduced around puncture
sites within minutes after corneal puncture. After four or five days fol-
lowing serum injection of the cornea, the corneal stroma is no longer
edematous, and transcorneal puncture is less effective in allowing diffusion
of anterior chamber fluid into the stroma. At this time most of the retained
lipid is still in a diffuse, extracellular form. It is no longer removed follow-
ing transcorneal puncture. Whether such lipid is now bound, or otherwise
rendered insoluble, or is simply not reached by diluting quantities of an-
terior chamber fluid cannot be stated with certainty. However, the obser-
vation that recreation of edema in the corneal stroma results in lipid
removal following subsequent corneal puncture would favor the latter
explanation.
Soluble serum lipoproteins are rapidly and completely removed from
subcutaneous connective tissue sites following their injection.8 This is also
true of lipoprotein solutions injected into the medias of muscular arteries
and also into the sclera of the eye.8 Further, whenever soluble serum lipids
265
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are injected into the cornea near its edge a narrow (1 to 2 mm.) clear
zone obtains between the vascular limbus at the margin of the cornea and
the lipid-rich plaque.8 A similar phenomenon occurs in the human eye in
arcus senilis. These observations would suggest the importance of a capil-
lary circulation within connective tissue for the transport of lipoproteins.
The normal, intrinsically avascular arterial intima and the similarly avascu-
lar corneal stroma apparently cannot effectively transport serum lipoglobu-
lin macromolecules. It is possible that corneal puncture, followed by the ad-
mixture of anterior chamber fluid with lipoprotein-containing serum in the
edematous corneal stroma, creates local conditions facilitating lipoprotein
transport like those occurring in normally vascularized connective tissues.
In this regard Maurice' has shown in his studies on the diffusion of pro-
teins through the corneal stroma that both the molecular weights of the
proteins involved and the compactness of the connective tissue matrix are
limiting factors. Extrapolating from his results, low density ,B lipoproteins
of serum with molecular weights in the range 1,300,000 would not be ex-
pected to diffuse through compact normal cornea, but they should diffuse
in stromal connective tissue increased 50 per cent in thickness by edema.
Most importantly, removal of the stromal lipoproteins prevents connective
tissue reactions similar to those of early atherosclerosis in man. There is
obvious need for definition of the conditions necessary for the removal of
serum lipoproteins from arterial connective tissue. The observations that
injected lipoproteins remain unbound in the corneal stroma for at least
several days following injection, that they can be removed during this
time, and that their diffusion from the cornea is associated with the state
of hydration of the corneal stroma contribute to this knowledge.
SUMMIARY
Multiple transcorneal punctures up to 72 hours after the injection of
lipoprotein-rich homologous serum into the corneal stromas of rabbits
results in the removal of the retained lipoproteins. After 72 hours corneal
puncture is not followed by removal of stainable lipids from the stroma.
But that these lipids can be removed at even longer intervals (120 hours)
can be demonstrated if corneal puncture is performed after edema has been
recreated in the plaque area by local injection of physiological saline. The
removal of these substances is apparently accomplished by their contact
with and diffusion into anterior chamber fluid, and is influenced by the
state of hydration of the cornea. Removal of serum lipoproteins from the
corneal stroma prevents the subsequent development of lipophagic con-
nective tissue reactions morphologically similar to those seen in early
atherosclerosis in man.
2"
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